This study aims to analyze, in mice, the long-term effects of delayed fatherhood on postnatal development, spontaneous motor activity, and learning capacity of offspring. Hybrid parental-generation (F 0 ) males, at the age of 12, 70, 100, and 120 wk, were individually housed with a randomly selected 12-wk-old hybrid female. The resulting first-generation (F 1 ) offspring were tested for several developmental and behavioral variables. Cumulative percentage of F 1 pups that attained immediate righting in the 120-wk group was lower than that found in the 12-, 70-, and 100-wk groups. Furthermore, the postnatal day of attaining immediate righting was higher in pups from the 120-wk group when compared to pups from the other age-groups. At the age of 20 wk, F 1 offspring from the 120-wk group displayed lower counts of motor activity than offspring from the 12-, 70-, and 100-wk groups. One week later, a higher percentage of offspring from the 100-and 120-wk groups entered the dark compartment during the retention trial of the passive-avoidance test when compared to offspring from the 12-wk group. Offspring from the 120-wk group exhibited also lower step-through latency in the retention trial than offspring from the 12-, 70-, and 100-wk groups. These results show that advanced paternal age at conception has long-term effects on preweaning development, spontaneous motor activity, and reduced passive-avoidance learning capacity of mouse offspring.
INTRODUCTION
The present trend of couples from most Western countries to pursue educational and professional goals before conceiving is increasingly forcing them to postpone parenthood until the mid-30s or even beyond [1] , that is, the latter part of a woman's childbearing years. Furthermore, the wish of parenthood in a new partnership is increasing because of the changing patterns of marriage and divorce that are taking place in the Western society. Although male reproductive functions do not cease at middle age such as it occurs in women, it is known that men .40 yr contribute to reduced fertility and fecundity of a couple [2] . In addition, delayed fatherhood is associated with increased risks of conceiving a child suffering from dominant or X-linked recessive diseases, noncytogenetic congenital defects, athetoid/dystonic cerebral palsy, cogenital hemiplegia, multiple sclerosis [3] , schizophrenia [4, 5] , autism [6] , epilepsy [7] , decreased learning capacity [8] , and/or mental retardation of unknown etiology [2, [9] [10] [11] [12] . Advanced paternal age has been also related with increased risks of spontaneous abortion [13, 14] , fetal loss [13] [14] [15] , preeclampsia [16] , stillbirth [17] , neonatal mortality [15] , and childhood cancers [10, 14, 18, 19] . In contrast, there is no clear evidence for the existence of a negative paternal effect on preterm delivery and incidence of low birth weight [2, 14] .
The purpose of the present study is to analyze, in the mouse, the long-term effects of delayed fatherhood on postnatal development and behavioral traits of offspring, including spontaneous motor activity and learning capacity using a passive-avoidance behavior test.
MATERIALS AND METHODS

Mouse Strain, Housing, and Pairings of F 0 Males
All the animal experiments performed in this study were conducted in accordance with the National Research Council's publication Guide for the Care and Use of Laboratory Animals [20] . On Postnatal Day 21 (at weaning), four cohorts of 20, 20, 44, and 70 hybrid (C57BL/6JIco female 3 CBA/JIco male) virgin parental-generation (F 0 ) males (Criffa, Barcelona, Spain) were randomly selected for the study. These mice were housed in groups of 10 in 35.5 3 23.5 3 18.5-cm plastic cages, fed a standard laboratory diet and tap water ad libitum, and maintained on a 14L:10D photoperiod (lights on at 0800 h) in a temperature-controlled room at 21 to 238C until the age of 12, 70, 100, or 120 wk. At this time, those males that were still alive (20, 20, 30 , and 8, respectively) were individually housed in 26.5 3 20.5 3 13.5-cm plastic cages with a randomly selected 12-wk-old hybrid F 0 female to produce a single litter of first-generation (F 1 ) mice.
Birth and Housing of F 1 Offspring
From Day 10 after adding the F 0 female to the cage, females were examined once a day for physical evidence of pregnancy, that is, the presence of a distended abdomen. When the researcher (SGP) was assured that a female was pregnant (20, 20, 20 , and 5 females in the 12-, 70-, 100-, and 120-wk group, respectively), the male was removed and the female allowed to give birth and breast-feed her pups until weaning. Within the first 24 h after parturition, litter size and gender of F 1 pups were recorded. Pups were sexed by means of the anogenital distance, which is longer in males; this was confirmed in later examinations during preweaning development. Pups were weighed within the first 24 h after parturition, on Postnatal Days 3, 10, and 21 (at weaning), and just before performing the developmental and behavior tests (see below). Each animal was marked by labeling its skin with a silver nitrate-diamant fuchsin stain and waterproof felt-tipped pen before weaning and by ear punching/ cutting after weaning. At weaning, male and female F 1 offspring were separated and housed in groups of 10 in 35.5 3 23.5 3 18.5-cm plastic cages with wood shavings as bedding. Bedding was changed weekly. Offspring were fed the same diet and housed under the same light:dark cycle and temperature conditions as their parents.
Righting Reflex of F 1 Offspring
The righting reflex test was performed on Postnatal Days 3 to 10 between 0900 and 1030 h in all F 1 pups. The righting response was defined as the time it took a pup that had been placed on its back to turn over to restore their normal prone position. An upper limit of 180 sec was set for this test. This test of sensorimotor integration was performed daily until pups righted themselves immediately (although mice took ,1 sec to right themselves, righting latencies in these cases were recorded as zero) when placed on the supine position [21] .
Spontaneous Motor Activity of F 1 Offspring
At the age of 20 wks (just 1 wk before performing the passive-avoidance behavior test), the spontaneous motor activity of F 1 offspring was measured in a computer-controlled actimetre (Actisystem II, Panlab S.L., Barcelona, Spain). The actimetre consisted of four 35 3 35-cm sensory plates that registered any activity of the animals through an electromagnetic system, an interface, and a computer that allowed the acquisition and storage of data from the sensory plates. Mice underwent a single motor-activity session between 0700 and 0900 h. In each session, any motility of animals, resulting or not in a displacement, was registered at intervals of 5 min during a period of 60 min. After each session, the actimetre was cleaned with water and the number of defecations scored as a measure of emotionality [21] .
Passive-Avoidance Behavior of F 1 Offspring
At the age of 21 wk, F 1 offspring were tested for passive-avoidance behavior as previously described [21] . This test was chosen because it fits the learning abilities of F 1 offspring better than other tests, such as the spatiallearning Morris water maze and the simple-discrimination-learning Y-maze [21] . The experimental apparatus used was a two-section box in which the walls of one section were black and those of the other section white and illuminated with a lamp (60 W). The two sections were separated by an automatic door. In the acquisition trial, each mouse was placed in the illuminated compartment, facing the dark section with the door closed. After 60 sec, the door automatically opened, and the time for a mouse to enter the dark compartment was registered. As soon as the mouse entered the dark compartment, the door automatically closed, and an electrical foot shock (0.3 mA) was delivered during a period of 5 sec. Immediately after this shock, the animal was returned to its home cage. In the retention trial, which was performed exactly 24 h after the acquisition trial (between 0700 and 0900 h), the mouse was again placed in the illuminated compartment, but no electrical shock was administered if it entered the dark section. In both the acquisition and the retention trial, the time to enter the dark compartment was recorded as step-through latency. The maximum step-through latency allowed when the mouse did not enter the dark compartment in the retention trial was 300 sec.
Statistical Analysis
Fixed-effects (models with only fixed effects, covariate, and the residual term) designs of analysis of variance (ANOVA), mixed-effects (some effects are random and some are fixed) nested designs of ANOVA, and repeatedmeasures nested designs of ANOVA with two-way interactions between variables were applied for comparisons of means. Nested designs were applied to control the potential correlation among observations within a particular litter (littermates) and avoid spurious inflation of the sample size [22] . Several covariates were introduced in the statistical analyses to control for possible confounders not included in the study design, such as Day 3-10 body weight (mean body weight of measures taken on Postnatal Days 3 and 10), and time at which mice underwent the spontaneous motor activity session or the passiveavoidance behavior test. The Kolmogorov-Smirnov one-sample test was used to check whether variables were normally distributed. If the normality assumption was violated, logarithmic or square root (if variables were metric), or arcsine square root (if data were percentages) transformation of the variable was applied to induce normality. The Bonferroni test (when the variances were assumed to be equal) or Dunnetts T3 test (when the variances were assumed to be unequal) were applied to perform post hoc pairwise multiple comparisons between groups. The Levene test was used to test the homogeneity of variance for each dependent variable across all level combinations of the betweensubjects factors. Automated binomial logistic regression analysis with forward stepwise variable selection was used to ascertain the effect of paternal age at conception on percentage of F 1 pups that righted themselves immediately when placed in the supine position, percentage of F 1 offspring that did not enter the dark compartment in the retention trial of the passive-avoidance behavior test, sex ratio (percentage of males), and proportion of litters with at least one newborn pup cannibalized. A one-sample binomial test was used to test the null hypothesis that the probability of being male in each group was 0.5. Significance was defined as P , 0.05. Values shown in the text, tables, and figures are means 6 SEM. The statistical analysis was carried out using the Statistical Package for Social Sciences (SPSS Inc., Chicago, IL). 
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RESULTS
Reproductive Outcome of F 0 Males Table 1 shows the reproductive outcome of F 0 male mice paired with a young F 0 female for the first time at the age of 12, 70, 100, and 120 wk, respectively. No effect of age-group on pairing-to-birth interval, litter size at both birth and weaning, number of litters with at least one pup cannibalized at birth, sex ratio at both birth and weaning, preweaning mortality, and body weight at both birth and weaning was observed. Sex ratio of pups at both birth and weaning was not significantly different from the expected value of 50% in the 12-, 70-, and 100-wk group. In contrast, it was skewed against males in pups from the 120-wk group, although significant (P , 0.05) differences between the observed and the expected value were found only at birth.
Males were heavier than females at both birth (1. Figure 1A shows the effect of paternal age at conception on cumulative percentage of F 1 pups that turned over immediately to restore their normal prone position when placed on their back on a solid surface. On Postnatal Days 4, 5, and 6, cumulative percentage of pups that attained immediate righting in the 120-wk group was lower than percentages found in the 12-(P , 0.05, P , 0.005, and P , 0.05, respectively), 70-(P , 0.05, only on Day 5), and 100-wk (P , 0.05, P , 0.0005, and P , 0.005, respectively) groups. The logistic regression models applied showed that the higher the Day 3-10 body weight, the higher the odds for pups to attain immediate righting on Postnatal Days 4, 5, 6, 7, 8, and 9 (regression coefficient 6 SEM: 0.754 6 0.239, P , 0.005, on Day 4; 0.833 6 0.209, P , 0.0005, on Day 5; 1.274 6 0.240, P , 0.0005, on Day 6; 1.063 6 0.333, P , 0.001, on Day 7; 2.012 6 0.525, P , 0.0005, on Day 8; and 2.935 6 1.272, P , 0.05, on Day 9). Litter size at birth was a significant covariate on Postnatal Day 8 (regression coefficient 6 SEM: 0.330 6 0.160, P , 0.05). Cumulative percentage of pups that attained immediate righting did not differ significantly between male and female offspring. We should note that the logistic regression models applied analyzed the independent effect of each variable (age-group, Day 3-10 body weight, litter size at birth, and gender of pups) taking into account the effect of the other variables. This may explain the fact that the cumulative percentage of pups that attained immediate righting did not differ significantly between male and female offspring despite males being significantly heavier than females and the presence of a positive effect of Day 3-10 body weight on the odds of immediate righting.
Righting Reflex of F 1 Offspring
Further statistical analysis performed after excluding those pups that did not right themselves during the 180-sec interval allowed to each pup to carry out this test did not evidence significant differences between age-groups on time taken by a pup to right itself (Fig. 1B) . Litter size at birth, Day 3-10 body weight, and gender of offspring did not have a significant effect on time taken by a pup to right itself. In contrast, after controlling for the covariate Day 3-10 body weight (regression coefficient 6 SEM: À0.732 6 0.128, P , 0.0005), the postnatal day of attaining immediate righting was significantly higher in the 120-wk group (Postnatal Day 6.5 6 0.2) when compared to the 12-(Postnatal Day 5.8 6 0 1, P , 0.001), 70-(Postnatal Day 6.0 6 0.1, P , 0.01), and 100-wk (Postnatal Day 5.6 6 0.1, P , 0.0005) groups. Litter size at birth and gender of offspring did not have a significant effect on postnatal day of attaining immediate righting. Figure 2A exhibits the spontaneous motor activity of F 1 offspring. Offspring from the 120-wk group displayed significantly lower counts of motor activity than offspring from the 12-(P , 0.001), 70-(P , 0.0005), and 100-wk (P , 0.001) groups. Female offspring exhibited significantly (P , 0.0005) lower counts of motor activity than male offspring (Fig. 2B) . The covariate body weight of offspring just before being tested and time at which mice underwent the spontaneous motor activity session were nonsignificant factors within this repeated-measures ANOVA model. Likewise, the interaction between age-group and gender of offspring was nonsignificant. In fact, the spontaneous motor activity of offspring from the 120-wk group was lower than that exhibited by the FIG. 1 . Effect of age-group on cumulative percentage (A) of F 1 pups that turned over immediately when placed on their backs on a solid surface and time to turn over (B) after excluding those pups that did not right themselves during the 180-sec interval allowed to each pup to carry out this test. In B, error bars are 6 SEM. Note that some points are devoid of error bars because the SEM were either nonexistent or too small to be drawn. Different lowercase letters indicate values significantly different from the 12-(a: P , 0.05; b ¼ P , 0.005; c ¼ P , 0.05), 70-(b ¼ P , 0.05), and 100-wk (a ¼ P , 0.05; b ¼ P , 0.0005; c ¼ P , 0.005) groups.
Spontaneous Motor Activity of F 1 Offspring
LONG-TERM EFFECTS OF PATERNAL AGE ON OFFSPRING
other groups in both female (Fig. 2C) and male (Fig. 2D) offspring. No significant effect of age-group on number of pellets defecated during the 60-min testing period was found (14.2 6 0.4, 15.2 6 0.4, 15.2 6 0.4, and 13.0 6 0.8 pellets in the 12-, 70-, 100-, and 120-wk group, respectively).
Passive-Avoidance Behavior of F 1 Offspring
Delayed fatherhood had a significant (P , 0.005) effect on percentage of offspring that entered the dark compartment during the retention trial. In particular, a higher percentage of offspring from the 100-(P , 0.005) and 120-wk (P , 0.01) group entered the dark compartment when compared to offspring from the 12-wk group (Fig. 3) . The interaction between body weight of offspring just before being tested and gender of offspring was also a significant (P , 0.05) factor within this logistic regression model. No significant effect of litter size at birth, gender of offspring, body weight of offspring just before being tested, and time at which mice underwent the passive-avoidance behavior test was evidenced.
A further statistical analysis was performed using only those mice that entered the dark compartment in the retention trial, that is, those individuals that either did not remember or partially forgot the punishment inflicted in the acquisition trial. This analysis showed that the step-through latency in the retention trial was significantly lower in the 120-wk group (4.7 6 1.0 sec) when compared with the 12-(7.4 6 0.7 sec, P , 0.001), 70-(7.0 6 0.5 sec, P , 0.0005), and 100-wk (7.3 6 0.6 sec, P , 0.05) groups. Litter size at birth, gender of offspring, body weight of offspring just before being tested, and time at which mice underwent the passive-avoidance behavior test had no significant effect on step-through latency in the retention trial. In contrast, the step-through latency in the acquisition trial was a significant covariate within this ANOVA model (regression coefficient 6 SEM: 0.180 6 0.048, P , 0.0005).
DISCUSSION
The present study shows that delaying fatherhood in F 0 mice until the age of 120 wk has negative effects on postnatal development and behavioral traits of F 1 offspring. The effects include the presence of a sex ratio at birth lower than 50% as well as delayed maturation of the righting reflex, decreased spontaneous motor activity and reduced passive-avoidance learning. We should bear in mind that the genetic variation contributed to the progeny by F 0 males from the 120-wk group (n ¼ 5) may be lower than that contributed by F 0 males from However, the relative small sample size of the 120-wk group was large enough to detect significant differences between groups.
Data from Table 1 suggest that advanced paternal age at conception may be associated with decreased litter size at both birth and weaning. Previous studies report contradictory results on this topic. Whereas in Wistar rats [23] and in C57BL/6NNia mice [24] father's age has no significant effect on litter size at birth, a significant drop associated with increased paternal age has been observed in Sprague-Dawley rats [25] .
The finding that F 1 offspring engendered by 120-wk males exhibited a sex ratio at birth lower than 50% should be interpreted with caution. First, the sex ratio of F 1 offspring at birth was not dependent on paternal age at conception. Second, the percentage of F 1 male offspring at birth in the entire study, taking together the four age-groups (45.8%, 261/570), was also significantly (P , 0.05) lower than 50%. Finally, the analysis of the breeding records of 30 [26] and 10 [27] inbred mouse strains did not show any consistency in all the strains evaluated in the sign and significance of the correlations between sex ratio and age of parents.
As mentioned previously, F 1 pups from the 120-wk group not only suffered a maturational delay in the righting reflex, which is known to be mainly vestibular and proprioceptive in origin [28] , but also displayed decreased spontaneous motor activity and reduced passive-avoidance learning. We should note that previous studies have evidenced a negative effect of advanced paternal age at conception/birth on learning capacity in humans [8, 29] and rats [23] . In contrast, our results disagree with the absence of effect of paternal age at conception on spontaneous locomotor activity found by Auroux [23] . Although we used mice instead of rats, other methodological differences between studies may account for these discrepancies. In particular, whereas Auroux [23] measured the displacement or locomotor activity of rats within a circular enclosure, we measured any motility of mice, resulting or not in a displacement, using a computer-controlled actimetre. Despite this variation between studies, our results concur with the finding of Auroux [23] that offspring's emotionalityindirectly evaluated by the number of pellets defecated by each animal in either the open-field [23] or the actimetre (our study)-does not vary with the father's age.
The negative long-term effects of delayed fatherhood on offspring found in the present study may be explained by three different mechanisms, including paternal inheritance of defective mitochondrial DNA (mtDNA), nuclear gene mutations, and epigenetic changes in gene expression. Although the present study has not been designed to discriminate among these possibilities, several lines of evidence point out the epigenetic hypothesis as the most likely mechanism taking place in this scenario. First, literature shows that in mammals mtDNA is exclusively maternally inherited in intraspecific crosses [30] [31] [32] . Nonetheless, we should mention that an exception to this rule has been reported in a 28-yr-old man with mitochondrial myopathy [33] . Furthermore, the number of offspring examined in studies aimed to detect paternal inheritance of mtDNA may have been too small to allow detection of paternal mtDNA transmission. Second, it is well established that delayed fatherhood is associated with higher risks of conceiving an individual suffering from new inheritable-mutation disorders [2, [9] [10] [11] [12] . However, the incidence of spontaneous mutations in spermatogenic cells from 28-mo-old mice [34] is too low (order of magnitude of 10 À5 ) to account for the differences among groups found in the present study. Finally, Oakes et al. [35] have shown that male aging is associated with hypermethylation of ribosomal DNA (rDNA) in rat spermatozoa. Unfortunately, quantitative studies of ageassociated epigenetic modifications in mitotically dividing spermatogonial stem cells and meiotically dividing spermatocytes, spermatids, and spermatozoa are missing. Nonetheless, it is worth repeating here that mice exhibit an age-associated activation of epigenetically repressed genes in several tissues, including heart, lung, kidney, and spleen, that may be one to two orders of magnitude greater than somatic DNA mutation [36] .
